C ancers, rather than consisting of single cell types, contain a variety of different cells with different phenotypic and genetic characteristics. There are numerous tumor types that can be found within the CNS. Metastatic tumors arise from tissue outside the CNS, and spread hematogenously to the brain. Primary CNS tumors are thought to arise directly from CNS tissue. Generally, these exclude such intracranial tumors as meningioma and acoustic neurinoma that, while existing only within the skull, they are not thought to arise from brain tissue. The most common form of brain tumors in pediatric patients is medulloblastoma, and in adults is glioblastoma multiforme (GBM). Both tumor types have aggressive characteristics, and cause high mortality and morbidity. Medulloblastomas generally occur in the posterior fossa, although metastases can spread throughout the CNS, including socalled "drop mets" in the spinal cord. GBM are the most aggressive form of gliomas, a heterogeneous group of tumors. While medulloblastoma is often treatable, there is still a high rate of morbidity and mortality. To date, GBM remains one of the most difficult cancers to treat, with less than 5% of 5-y survival rate, despite of multiple treatments such as direct surgery, radiation therapy, and chemotherapy. Traditional thinking holds that any (or many) cells within a tumor will be capable of giving rise to another tumor (1) . The cancer stem cell hypothesis dictates that tumors arise from a single, selfrenewing cell type, which then gives rise to the rest of the tumor, including a variety of "more differentiated" cell types. These cancer stem cells would be a minority population within the tumor. The practical implications of this hypothesis is that any curative therapy will need to kill or stop the cancer stem cell from proliferating, whereas therapies targeted at derivatives of the cancer stem cell will not be curative. Studies have provided strong evidence for the cancer stem cell hypothesis in leukemia and in breast cancer (2, 3) .
The first cancer which was found to contain stem cells was acute myeloid leukemia (AML) (2) ( Table 1) . A subfraction of cells in AML resembled normal hematopoietic stem cells based upon their morphologic and immunohistochimal characteristics. It was found that this subset of cells, but not the rest of the tumor cells, could form AML when xenotransplanted into immnodeficient mice. The corresponding secondary AML in mice possessed similar histopathological characteristics to the primary tumor. The second cancer type in which caner stem cells were identified was breast cancer (3) . In this study, the authors used markers associated with normal ductal stem cells, to positively (CD44) and negatively (CD24) sorted cells. When small numbers of these cells were injected into immunodeficient mice, they formed tumors at very high frequency, while the stem cell negative fraction did not form tumors. These secondary tumors were histologically similar to the primary tumors and also contained a subpopulation of CD44ϩ, CD24Ϫ cancer stem cells which could, in turn form tumors in other mice.
In addition to providing the first documentations of cancer stem cells, both of these studies raised the strong possibility that the origin of the cancer stem cells, themselves, lay in the tissue-specific or adult stem cells resident within the tissue. Thus, although the cancer stem cell hypothesis does not require cancer stem cells to be derived from mutations of normal stem cells, there is evidence to suggest that, at least in these two cancers, such is the case.
NEURAL STEM CELLS AND BRAIN TUMOR STEM CELLS
Neural stem cells are a form of tissue-specific stem cell. They are self-renewing and capable of forming the major cell types intrinsic to the brain, neurons, astrocytes and oligodendrocytes. Neural stem cells were originally isolated in culture by exposing dissociated CNS cells to epidermal growth factor (EGF) in a relatively minimal medium (4) . As a result, large spheres of cells formed from single cells which could then be re-dissociated and seeded at extremely low density to produce new spheres, indicating a capacity for self-renewal. In the proliferative and undifferentiated state, these cells express the intermediate filament, nestin. However, when EGF is removed, the cells begin to express markers typical of differentiated neurons and glia. Thus, these cells meet the criteria of being stem cells in that they are both self-renewing and multipotent.
Neural stem cells can be isolated from the CNS at virtually any stage of development after neural tube closure, and possibly before, through adulthood (4, 5) . In vivo, neural stem cells are generally reside within specialized germinal zones situated along the surface of the neural tube-the developing and mature ventricular system. However, there is some heterogeneity of cells that share the critical features of neural stem cells; self-renewal and multipotency (6) . During development, neural stem cells divide rapidly and extensively self-renew. Some investigators call these cells multipotent progenitors, since, in general, stem cells are thought as relatively slowly dividing. Radial glia, the bipolar cells extending from the ventricular to the pial surface of the developing neural tube have been long perceived as "simple" guides for migrating cortical neurons. Several recent studies, however, have demonstrated that radial glia, themselves function as neural stem cells during prenatal rodent development. Later, in postnatal stages and adulthood, a type of neural stem cell exists that divides relatively slowly and produces more rapidly dividing self-renewing progenitors which, in turn, produces more committed progenitors. Recent evidence has indicated that these putative, slowly dividing cells express glial fibrillary acidic protein (GFAP), a classic marker for astrocytes (7, 8) . Likewise, in the adult human brain, neural stem cells are also GFAP-positive cells (9) .
Neural stem cells have been isolated and enriched from fetal and adult human brain and grown as neurospheres and adherent cultures. Human neural stem cells are CD133-positive and CD24-negative (10). Flow sorting for these markers, greatly enriches cultures for neurosphere-forming cells, although this set of markers does not completely purify neural stem cells.
Following the isolation of neural stem cells, there was wide speculation that mutations of neural stem cells were the origins of many brain tumors. There are several lines of evidence supporting the hypothesis that brain tumors arise from aberrant neural stem cell proliferation (11) including the fact that many brain tumors contain neuronal and glial elements and express the intermediate filament nestin (12) . Direct evidence for a neural stem cell origin of human brain tumors is difficult to obtain. However, an elegant series of studies using transgenic models has demonstrated that nestinexpressing progenitors overexpressing the oncogene, c-Myc, can give rise to gliomas and medulloblastomas (13, 14) . Transformation of GFAP positive cells in vivo can give rise to gliomas, as well (15) . In the past, this finding would have been taken as evidence of astrocytes being the origin of these experimental tumors, but now, given that postnatal neural stem cells are known to be GFAP positive (8) , these results are also consistent with a neural stem cell origin.
Despite evidence that neural stem cells can be the source of brain tumors under some experimental conditions, it is unlikely that they are the source of all brain tumors. Medulloblastomas are tumors of the cerebellum. Recent microarray and animal model studies strongly indicate that the source of many, if not all medulloblastomas is the external granule cell (16) . This cell type, like neural stem cells, is self-renewing, but it is not multipotent under most conditions. Additionally, many tumors appear to have origins away from the ventricular surface, the site of neural stem cells in vivo, making it more likely that they arise from transformation of other progenitors or more fully differentiated glia. One potential cell of origin could be the recently identified glial-like cells with a capacity to self-renew and produce neurons, astrocytes and oligodendrocytes that are dispersed throughout the cortex and cerebellum, at sites distant from the ventricular surface (17) .
Despite the fact that not all brain tumors are likely to be derived from neural stem cells, many brain tumors do contain stem cells within them that bear many similarities to neural stem cells. We found that several brain tumors, including astrocytomas (low and high grade), ependymoma, glioblastoma multiforme, and medulloblastomas contained cells that proliferated in the presence of EGF, basic fibroblast growth factor (bFGF) and leukemia inhibitory factor (LIF) under conditions identical to those reported for embryonic human neural stem cells (18) . Others have also obtained similar data with gliomas (19, 20) medulloblastomas (20) and ependymo- (21) . These cells readily formed neurospheres as shown in Fig. 1 . Immunocytochemical analysis of these tumor-derived spheres demonstrated that most expressed nestin (Fig. 1) . Following growth factor withdrawal, most tumor-derived spheres gave rise to cells with glial and neuronal morphology and antigenic characteristics (Fig. 1) . Tumor-derived spheres could be passaged clonally, and these clones could again be demonstrated to be multipotent. The numbers of neuron-like and glial-like cells in each clone within a tumor were remarkably similar although the relative proportions varied greatly from tumor to tumor (18) .
The data described above demonstrate the presence of self-renewing, multipotent progenitors within brain tumors, but do not prove that they are cancer stem cells. Two studies from different groups, however, do demonstrate this. Galli et al. (22) demonstrated that neurosphere cultures generated from GBM cells (in a manner very similar to Hemmati et al. 
CRITICAL REGULATOR CANDIDATES OF SELF-RENEWAL OF BRAIN TUMOR STEM CELLS
The isolation of cancer stem cells from brain tumors is important because of the implications that only through attacking these cells, will we be able to eradicate the tumors that contain them. As stated above, cancer stem cells and adult stem cells share the properties of self-renewal and multipotentiality. Several studies have demonstrated that genes known to play roles in the self-renewal of somatic stem cells also are likely to play similar roles in cancer stem cells. Some of these pathways, which are not mutually exclusive, are described here.
Bmi-1. Bmi-1 is a polycomb transcription factor and is known to regulate chrmomatin remodeling. Bmi-1 has been previously shown to regulate the proliferation of hematopoetic stem cells as well as leukemic stem cells (24) . Analysis of Bmi-1 mutant mice have shown that it is also important for self-renewal of normal neural stem cells (25) . Bmi-1 binds to p14INKa and p16ARF, and inhibits the activation of their signaling (26) . These two downstream genes are highly expressed in primary GBM as well as oligodendrocytoma, another type of glioma. The high level of bmi-1 expression in our tumor-derived progenitors in spheres (18) suggests that this gene, as well as its signaling pathway, plays an important role in the proliferation of not only GBM but also stem cells in GBM. Recently bmi-1 and its associated genes were found as critical indicators of the prognosis of various cancers including glioma, according to the cDNA microarray data set (27) . This also suggests that bmi-1 and the genes that it regulates have a strong influence on proliferation of tumor cells.
PTEN and the PI3 Kinase-Akt pathway. Activation of PI3 kinase leads to phosphoryolation of Akt which, in turn, leads to promotion of proliferation and cell survival, among other things (28) . A part of this cascade includes TOR (target of 
56R
NAKANO AND KORNBLUM rapamycin). Many tumors frequently have enhanced activity of this pathway. Mutations of the EGF receptor, for example, are frequently found in GBM and confer a worse prognosis with a more aggressive tumor. Another mechanism by which this pathway is regulated is via the phosphatase PTEN (phosphatase and tenascin homolog deleted on chromosome 10). PTEN suppresses Akt phosphorylation by reversing PI3 kinase-driven phosphorylation. PTEN is a tumor suppressor gene, and is frequently deleted in GBM. We have previously demonstrated that PTEN is a critical regulator of neural stem cell self-renewal, as its loss induces greater proliferation as well as enhanced recruitment of neural stem cells from a quiescent to an active cycling state (29, 30) .
Drugs that interact with this pathway are potential candidates for treatment of brain tumors. Inhibitors of EGFR activation have been recently shown to be effective in treating patients with the EGFR VIII mutation (31) , an active form of the receptor. Rapamycin is a drug that inhibits TOR and is under investigation for a variety of cancers, including GBM. It is unknown, however, whether these agents selectively inhibit cancer stem cell proliferation.
Maternal embryonic leucine-zipper kinase (MELK). MELK encodes a serine/threonine kinase with a leucinezipper domain, and is a poorly characterized member of snf1/AMPK family. Several members of this family are known as tumor survival factors under conditions of nutrient starvation. Our previous studies demonstrated that normal neural stem cells highly express MELK. Functional analysis demonstrated that MELK regulates the self-renewal of murine (32) and human (unpublished) neural stem cells. MELK was recently identified by microarray analysis to be highly correlated with malignancy of a variety of tumors and to be an important regulator of cell cycle progression in these cancer cells (33) . We have found that MELK is highly expressed in brain tumors as well as in brain tumor stem cell containing cultures (18) . Functional studies in these cultures indicate that MELK regulates the proliferation of both putative cancer stem cells as well as non stem cell components (unpublished). The mechanism by which MELK regulates proliferation in cancer stem cells or other cells is still unknown. Previous studies have suggested that one mechanism of MELK action is by regulated the transcription factor B-Myb, a known cell cycle regulator (32) . However, our own preliminary data suggest that this is not the only function of MELK. MELK has both kinase and RNA processing functions, both of which could contribute to its net effects.
Wnt and Hedgehog signaling in medulloblastomas. As described above, cancer stem cells have been reported for medulloblastomas, although there is some disagreement in the literature about whether these cells represent true stem cells. The Wnt and sonic hedgehog signaling cascades promote the proliferation of numerous cells, including granule cell progenitors of the cerebellum, the presumed cells of origin of medulloblastoms. Both have also been directly shown to regulate the growth of murine and human medulloblastomas (16) . Mutations of the sonic hedgehog receptor patched (which functions to inhibit the pathway) results in the formation of medulloblastomas in both mice and humans. It remains to be seen whether these effects are on a cancer stem cell, per se.
CLINICAL SIGNIFICANCE OF THE CANCER STEM CELL THEORY
The isolation of cancer stem cells is an important step in the understanding of tumor biology. However, there are also practical implications in the diagnosis and treatment of brain for the clinician.
Significance for brain tumor stratification. Traditional anatomic/pathologic categorization of tumors have very limited ability to completely stratify patients into meaningful subgroups for prognosis and intervention. Protein expression by immunohistochemistry has greatly enhanced the potential link between pathologic diagnosis and prognosis. However, relative lack of useful antibodies shows the limitation of this strategy. Recently, large scale gene expression study by microarray and analyses of specific pathways have been more successful at regrouping patients within broad histologic categories (16) . The existence of caner stem cells raises the possibility that expression profiling and molecular pathway analysis of these cells will provide further useful stratification of tumors. For example, one might isolate cancer stem cells from individual patients and then analyze gene or protein expression profiles as well as the activity of the specific pathways described above (Fig. 2) .
Significance for brain treatment. The isolation and demonstration of brain tumor stem cells, suggests that, for those tumors that contain such cells, treatment can only be gauged as successful if the stem cell component is successfully eradicated (Fig. 2) . Since, by their nature, stem cells are heartier and more resistant to insult, this may prove to be a daunting task. There are several potential avenues to address this issue, however. First, since cancer stem cells may use specific molecular pathways to drive their self-renewal, one might use known and as-yet-to-be-discovered selective inhibitors of these pathways to attack them. In fact, as intimated above, two groups of agents, EGF receptor inhibitors and rapamycinrelated compounds, that are already in clinical trial and showing some promise are predicted to inhibit cancer stem cell self-renewal (31) . Another way to attack cancer stem cells would be to use them as targets for small molecule screens, an approach that we are taking. Finally, if specific antigens are expressed by cancer stem cells, then these antigens could be used in immunotherapies, which have already shown some promise in the treatment of glioma.
Are there implications for neural repair. Neural stem and progenitor cells are potential sources of therapy for a wide variety of disorders, ranging from enzymatic deficiency to neurodegenerative disease. It is well known that transplantation of pluripotent embryonic stem cells into the brain or other tissue can result in teratoma formation. The possibility that neural stem and progenitor cells can give rise to tumors theoretically raises the possibility that transplantation of the cells could result in tumor formation. It is important to state, however, that this simply has not been shown to be the case, at least in the short to moderate timespans used in animal studies. To our knowledge, despite more than one thousand reports of neural stem and progenitor cell transplantation, none have reported malignant transformation.
CONCLUSIONS
The isolation and initial characterization of brain tumor stem cells provides hope that new avenues of therapy will be opened up. However, many questions remain before our fully utilizing these discoveries. Among these are the following: Do all brain tumors contain cancer stem cells? What are the differences and similarities between cancer stem cells from different tumors? Does malignant progression of low grade to high grade gliomas directly involve brain tumor stem cells? Is CD-133 the best marker for the prospective isolation of cancer stem cells? Can we attack brain tumor stem cells without attacking normal neural stem cells? Would this matter? These questions and many others highlight the early state of this field and the great amount of work needed before putting the discovery of cancer stem cells to productive use.
